A model based on the nonlinear PoissonBoltzmann equation is used to study the electrostatic contribution to the binding free energy of a simple intercalating ligand, 3,8-diamino-6-phenylphenanthridine 
pKa shift is directly related to the total electrostatic binding free energy of the charged and neutral forms of the ligand, the accuracy of the calculations implies that the electrostatic contributions to binding are accurately predicted as well. Based on our results, we have developed a general physical description of the electrostatic contribution to ligand-DNA binding in which the electrostatic binding free energy is described as a balance between the coulombic attraction of a ligand to DNA and the disruption of solvent upon binding. Long-range coulombic forces associated with highly charged nucleic acids provide a strong driving force for the interaction of cationic ligands with DNA. These favorable electrostatic interactions are, however, largely compensated for by unfavorable changes in the solvation of both the ligand and the DNA upon binding. The formation of a ligand-DNA complex removes both charged and polar groups at the binding interface from pure solvent while it displaces salt from around the nucleic acid. As a result, the total electrostatic binding free energy is quite small. Consequently, nonpolar interactions, such as tight packing and hydrophobic forces, must play a significant role in ligand-DNA stability.
Understanding the factors that drive simple ligand-DNA interactions provides general insights into the requirements for stable and specific nucleic acid recognition. The principal contributions to the free energy of association of ligands with nucleic acids can be divided into polar (electrostatic) and nonpolar terms, where the nonpolar contribution includes hydrophobic interactions, van der Waals interactions, and translation, rotational, and configurational entropies (1) . Proton binding is a sensitive probe of electrostatic effects on ligand-DNA interactions (2) . The change in the pKa of a single titrating group on a ligand upon binding (the pKa shift; ApKa) is a measure of the difference in the electrostatic contribution to the binding free energy of the charged and neutral ligands, AAGel (see Scheme I). As (2) . This is manifested as an upward shift in the pKa of DAPP upon binding. In addition, the observed pKa shift is a linear function of the logarithm of the univalent salt concentration (2) . As 
[5] [6] In the first step, the B-DNA adopts the conformation of DNA in the complex, DNA*. In the second step, the ligand (L) binds to the unwound DNA. In the analyses presented here, we will evaluate the electrostatic free energy, AAGei, of intercalating a charged and neutral ligand to an unwound DNA double helix (Eq. 6). Because of uncertainties in the structure of the free oligonucleotide, we will not be concerned with the contribution of structural changes in the DNA to AAGei (Eq. 6). We will, however, discuss some of the other consequences of DNA unwinding on our results.
The electrostatic contribution to the binding free energy can be expressed as the difference in the free energy between the products and the reactants (6) [7] A physically intuitive description of the salt-independent contributions to AAGei is given by the thermodynamic process shown in Fig. 1 (10 [10] Proc. NatL Acad ScL USA 92 (1995) [9] Proc. Natl. Acad. (16) . An atomic resolution structure of DAPP bound to a 12-bp DNA was generated from the crystallographic coordinates of the ethidium-cytidylyl(3'-5')guanosine complex (17) . The base pairs flanking the intercalation site were generated from the idealized local coordinates of Arnott and Hukins (18) using the INSIGHT II software package (15) . The coordinates of idealized B-DNA were also generated from the local coordinates of Arnott (4, 11, 19) . To calculate the electrostatic potentials, the molecular system is first mapped onto a 1293 lattice. Parameters are assigned to each lattice point according to the molecular model described above. The finite difference equations are solved by optimized successive overrelaxation to obtain the potential at all grid points (19) . A simple two-step focusing procedure is used to improve the accuracy of the potentials (11). In the initial calculation, the largest dimension of the macromolecule fills 23% of the grid, and the potentials at the lattice points on the boundary of the grid are approximated analytically using the Debye-Hiickel equation (16 (Fig. 2) . At this salt concentration, the calculated pKa of the bound DAPP is shifted to 7.99 ( Fig. 2 (Fig. 2) (Table 1) . Thus, AAGd,L contributes -0.6 unit to the pKa shift of DAPP upon intercalation ( Table 1) .
As a result of the desolvation of both the DNA and the ligand, the electrostatic free energy in the absence of salt, AAGns, actually opposes the formation of the unprotonated DAPP-DNA complex by 1.5 kcal/mol while AAGns stabilizes the protonated DAPP-DNA complex by -5.9 kcal/mol ( Table   1 ). The cumulative effect of the salt-independent contributions to the electrostatic free energy results in a pKa shift of DAPP of 5.4 units upon binding ( (Fig. 2) . As bulk salt concentration increases, the concentration of counterions near the DNA also increases. As a result, the unfavorable interaction between the protonated ligand and the ion atmosphere increases as well.
The total electrostatic bindingfree energy, AAGel. The relative stability of the DAPP-DNA complex depends on the charge state of the ligand (Fig. 3) . The total electrostatic binding free energy, AAGel, for the intercalation of the neutral DAPP into the unwound DNA double helix is unfavorable at physiological ionic strengths (Fig. 3) . This is because the desolvation of both the ligand and the DNA is not compensated for by the small favorable charge-dipole interactions between the unprotonated drug and the DNA upon binding (Table 1 ). In contrast, AAGel for the intercalation of the charged DAPP is favorable at physiological ionic strengths (Fig. 3) . The addition of a proton into the high negative potential of the DNA minor groove results in a substantially more favorable AAGsC with only a minor unfavorable change in the solvation free energy relative to the neutral drug (Table 1) . Furthermore (20) . We also predict that the overall salt dependence of the binding of the unprotonated DAPP to DNA is 0.4. This value is consistent with the experimentally observed salt dependence of 0.18 to 0.36 for the binding of electroneutral intercalators to DNA (21, 22) . (26, 27) and proteins (28) (29) (30) to DNA.
Both tight packing and hydrophobic effects are related to the removal of nonpolar surface on complex formation (1, 28 
